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These validation steps serve as directions in validation, testing, and diagnostics to eliminate programming errors which can occur in simulation software.
Additionally, paper [6] splits each of these steps into the verification of the building envelope and the on-site energy generation equipment; and presents the advantages and disadvantages of each validation step.
Several software benchmarks were created in recent years. One of these benchmarks is the Building Energy Simulation Test (BESTEST) provided by the International Energy Agency (IEA) in the Task 34 [7] . The benchmark IEA Task 34 is based on the three-dimensional thermal conduction between the room floor and the external soil. Presented model is specialized especially on long time constants and the heat storage of the ground.
In this article, the COMSOL Multiphysics (CM) [8] is validated by three types of tests mentioned above. The validated program is based on the numerical solution of partial differential equations by the finite element method; its usage is wide as can be seen in [9] . Nevertheless, it is not being used very often for building simulations. The application of the CM for building simulations can be found in [10] , [11] . The advantage of the CM consists as well as few other programs in multiphysics simulations and its ability to link with the MATLAB environment [12] , [13] for more thorough results processing.
Methods

Analytical models description
The numerical and analytical models and the analytical verification are based on the one-dimensional transient heat conduction, which can be found in [14] . The solution of this equation is based on the form of the initial conditions and the Boundary Conditions (BCs). One type of the initial condition was used -the constant temperature -and two types of the BCs were used: the fixed temperature on the model surfaces (the 1 st -type BC), and the fixed heat flux on the model surfaces (the 3 rd -type BC). The 1 st -type BC represents the ideal heat transfer on the phase interface, whereas the second BC is more natural as it calculates the heat transfer with the finite value of the Convective Heat Transfer Coefficient (CHTC).
The analytical verification by means of the analytical model should provide basic information about detailed solver settings for precise results of verifying software for numerical simulation. Table 1 Default geometry and physical parameters of test cases specified in Task 34 Six steady-state and eleven transient cases specified in the Task 34 [7] were created in the verifying software.
Comparative test characterization
Consequently, its results are compared to the individual test results. Individual test cases are a variation of default model (Case GC30b) whose parameters are depicted in Table 1 .
A schematic projection of modelled geometry presenting a conditioned zone on the ground is shown in Fig. 1 and a schematic plain view of the conditioned zone geometry is displayed in Fig. 2 (the conditioned zone floor plan dimensions are B × L with the wall thickness W). The individual programs validated via this benchmark are at first compared to the analytical solution of the test case GC10a providing the mathematical truth standard. The results of this case are compared to an exact analytically derived solution, while the results of the other test cases are evaluated via developed secondary mathematical truth standard (the standard of accuracy for predicting the system behaviour based on the range of disagreement of a set of closely agreeing verified numerical models or other quasi-analytical solutions, to which other simulations may be compared) [7] , which consists of the numerical results from the models applied in the programs Fluent, MATLAB, and TRNSYS.
The approach to building test cases provided in this benchmark is based on the incrementally varying test case parameters, which help diagnose model results differences. Table 2 .
Test cases presented in the Task 34 are characterized by the fixed domain temperature in conditioned domain which is impossible to be modelled directly in the CM. It is possible to set the fixed temperature value only on boundaries. The conditioned zone is therefore modelled with the fixed temperature on internal wall surfaces.
Experiment description
The three-dimensional model geometry based on the combination of conduction, convection and radiation and its visualization is shown in Fig. 3 . The most important model parts are (numbers in bracket refer to model parts in The room is located in the middle of the top floor of an occupied building, which means that it has one wall and roof influenced by the external weather conditions. The rest of the room walls adjoin with the internal areas with the thermal conditions very similar to the room temperature. The thermal parameters of model walls taken from the building plan are shown in Table 3 . The wall U-values were not experimentally measured in spite of the possible risk in disagreements between theoretical and realistic values [15] . Internal walls have the minimal heat resistance; however there is a minimal heat transfer through these walls because of the small temperature difference between internal areas. The heat flux via these walls is only about 1.6 % of the overall room heat losses thus it is practically insignificant for the model calculation as you can see in publication [16] . The majority of the heat transfer goes through the external wall and the windows. Therefore, the heat transfer calculation is very sensitive for the value of the CHTC on these surfaces.
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Results
Analytical program verification
Domain and boundary parameters were set according to the section 2.1 on rectangular wall geometry. The preliminary numerical simulation results revealed that it is not possible to use default program settings to get the precise simulation results -it is important to set at least 10 times smaller relative and absolute errors in solver settings, and it is also necessary to create a mesh with very fine elements. As a consequence, the swept mapped mesh with 20 layers was generated. 
Validation via Analytical Verification and Comparative Testing
The 
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Calculated from all steady-state test case results. Fig. 9 . Particular bars represent the heat energy calculated as a sum of heat flows through the room slab during the one year period. Some discrepancies of the EnergyPlus program in the test cases GC50b and GC55b are evident. The sensitivity evaluation is presented in Fig. 10 , and more detailed comparison shows Table 6 . 
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Mean deviation 1) [ %] Data presented in Table 8 depict the sum of heat flows over three types of boundaries. The floor and internal walls are count altogether, because they both border with internal building zones. As expected, the majority The more detailed investigation confirmed the presumption of the influence of the CHTC value to the mean deviation between the simulation results and measured data. Therefore, the model was updated and the CHTC value was calculated in every simulation time step by actual temperature conditions. The minimal and the maximal value of the CHTC calculated during the simulation cycle were 2 W.m -2 .K -1 and 4.5 W.m -2 .K -1 , which indicates certain underestimation of the calculation of the CHTC value via European standards.
The simulation results with the variable CHTC in comparison to the measured temperature data are shown in Fig. 11 . The plot shows that the simulated and measured data are similar especially in the second half of the experiment with minor differences mostly in cooling phases. The cooling phases show that the lines have the same trend, but the decreasing rate of temperature variation is slightly different even with the variable value of the CHTC. This can be caused by the heat accumulation in the additional room equipment such as furniture, desks or chairs, which were not taking into account in the room model. The minor influence on the simulation results may also have the specific CHTC value in the corners. 
Conclusion
The comparison of the CM with the analytical solution emphasizes two important facts:
• It is necessary to set the numerical solver error tolerance to at least 10 times smaller value in comparison to its default value.
• Models have to be calculated with a very fine mesh to decrease the numerical model error below 1%.
Therefore it can be concluded that the numerical calculation of the heat transfer will be in excellent agreement with the analytical solution only if the numerical solver is set properly.
The CM was used to model the steady-state and the transient ground-coupling models specified in the IEA BESTEST Task 34 [7] . The results for seventeen models were compared to the secondary mathematical truth 
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Mean deviation 1) [ %] Calculated as a difference of a mean deviation value calculated via stationary test cases by particular programs and a secondary mathematical truth standard (mean value of the Fluent, the MATLAB, and the TRNSYS).
Calculated from GC10a, GC30a, and GC30b test case results.
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